Excitons are composite bosons that can feature spin singlet and triplet states. In usual semiconductors, without an additional spin-flip mechanism, triplet excitons are extremely inefficient optical emitters. Large spin-orbit coupling in transition metal dichalcogenides (TMDs) couples circularly polarized light to excitons with selective valley and spin [1] [2] [3] [4] . Here, we demonstrate electrically controlled brightening of spin-triplet interlayer excitons in a MoSe2/WSe2 TMD van der Waals (vdW) heterostructure. The atomic registry of vdW layers in TMD heterostructures provides a quasi-angular momentum to interlayer excitons 5,6 , enabling emission from otherwise dark spin-triplet excitons. Employing magnetic field, we show that photons emitted by triplet and singlet excitons in the same valley have opposite chirality. We also measure effective exciton g-factors, presenting direct and quantitative evidence of triplet interlayer excitons. We further demonstrate gate tuning of the relative photoluminescence intensity between singlet and triplet charged excitons. Electrically controlled emission between singlet and triplet excitons enables a route for optoelectronic devices that can configure excitonic chiral, spin, and valley quantum states.
Inefficient light emission from triplet excitons is known to be a major bottleneck for many optoelectronic devices, such as e.g. organic LEDs, where a significant portion of randomly generated excitons are in spin-triplet states 7 . The search for highly emissive "bright" triplet excitons generally involves materials with strong spin-orbit coupling (SOC) 8 that also provide such spin-flip mechanisms with altered optical selection rules. Electronic band structure engineering in van der Waals (vdW) heterostructures of transition metal dichalcogenides (TMDs) with strong SOC may produce a unique material platform to realize emissive triplet excitons.
Semiconducting TMDs exhibit extraordinary excitonic effects when reduced to the two-dimensional limit [9] [10] [11] . Monolayer TMDs have large exciton binding energies 12 and spin-valley locking 13, 14 , which can be harnessed for optoelectronic 15, 16 and valleytronic 14 applications. When monolayer TMDs are stacked together to form heterobilayers such as WSe2/MoSe2 [1] [2] [3] [4] [17] [18] [19] [20] [21] , MoSe2/MoS2 22, 23 , or WS2/MoS2 [24] [25] [26] , interlayer excitons (IEs) can form across the atomically sharp interfaces owing to their type-II band alignment 27 and ultrafast charge transfer 22, 24, 25 between the layers. The resulting IEs have long lifetimes 17, 19, 20 , a permanent out-of-plane dipole moment 3, 19 , and modified optical selection rules [2] [3] [4] [5] [6] due to the electrons and holes residing in separate layers. When the heterostructures are electron or hole doped, the IEs bind with free carriers to form charged interlayer excitons (CIEs) 19 .
Our experiments employ h-BN encapsulated WSe2/MoSe2 devices with top and bottom gates, and electrically transparent contacts ( Fig. 1a left inset and Supplementary Fig. 1 ), as described in the previous work 19 . We use a dual-gating scheme where the topgate voltage (Vtg) and the back-gate voltage (Vbg) have the same polarity, achieving higher carrier densities than in previous IE studies 3, 19, 20 (details in Supplementary Section 1). Figure 1a shows the photoluminescence (PL) spectrum as a function of Vtg = a Vbg, where a = 0.617 via atomic force microscopy). We identify four distinct gate regions, marked by I-IV, based on the electrostatic doping of the heterostructure (Fig. 1b ). We verify the doping of the layers by measuring the intralayer exciton absorption spectra as a function of the gate voltage ( Supplementary Fig. 2 ). In region I, we observe neutral interlayer excitons labeled as " . In region II (III), the Fermi energy crosses the valence band of WSe2 (lower conduction band (CB1) of MoSe2) and we begin to p-dope (n-dope) the heterostructure forming CIEs, # ( $ % ). The discontinuities in the PL energy between regions I/II and I/III are attributed to CIE binding energies of ~ 15 meV and ~ 10 meV, respectively, similar to our previous work 19 . Surprisingly, in region IV, when the electron density ( &1 ) is further increased, an additional PL peak, & % , appears ~ 25 meV above the $ % peak, which overtakes in intensity with increasing &1 . This additional exciton feature is likely related to reaching the upper conduction band of MoSe2 (CB2), as shown in Figure  1b .
(based on top and bottom h-BN thicknesses measured
The appearance of spectrally resolved exciton branches in region IV enables us to measure the lifetimes of these excitons. We spectrally isolate the two peaks obtained at Vtg = a Vbg = 25 V ( Fig. 1c ) and perform time-dependent PL (TDPL) measurements to find the lifetimes corresponding to $ % and & % are $ = 6.08 ± 0.01 ns and & = 6.12 ± 0.02 ns ( Fig. 1c inset), respectively. The measured lifetimes are similar for the two species, but still 3 to 4 orders of magnitude longer than the typical lifetime of neutral or charged excitons in monolayer TMDs (~ 1 ps 28, 29 ).
Since the excitons in TMDs are formed at two valleys, +K and -K, at the corners of the Brillouin zone, their magnetic moment contains contributions from angular momenta of valley, spin, and orbital components of the exciton wavefunction. To understand the angular momentum characteristics of the interlayer excitons observed in our experiments, we thus measure PL under magnetic fields to determine the effective Zeeman splitting of the exciton species. We perform polarization-resolved PL measurements as a function of magnetic field (B) using a cross-polarized measurement scheme ( Supplementary Fig. 3a) .
Figures 2a-c show the normalized s+ (blue) and
s-(red) PL spectra at Vbg = a Vtg = 0, 17, and 25 V, respectively. From these polarization-resolved spectra, we obtain the PL energy splitting between the circularly polarized light ( ∆ = 5# − 5% ) as a function of B. Figure 2d shows the measured energy difference follows a linear relation ∆ = 9 , where is the effective g-factor and 9 is the Bohr magneton. From the slope of measured relation between ∆ and B, we obtain the effective g-factors for " , $ % , and & % : " = 6.99 ± 0.35, $ = 6.06 ± 0.58 , and & = −10.6 ± 1.0 , respectively. Interestingly, the g-factor for & % is greater than and has the opposite sign of " and $ , implying & % has an additional Zeeman splitting contribution and that the chiral light coupling to the K valleys is flipped compared to " or $ % .
To explain the emergence of & % and its unexpected g-factor, we consider the well-established band alignment diagram of a 0-degree aligned WSe2/MoSe2 heterostructure with spin-valley locking. The observation of a higher energy emission in region IV suggests that transitions between the highest WSe2 K-valley valence band and both spin-split MoSe2 Kvalley conduction bands are allowed. This would indicate that the higher energy peak is an emissive triplet transition with an in-plane dipole moment, unlike dark triplet excitons in monolayers [30] [31] [32] Fig. 4 ) 2,5,6 . In this stacking configuration, the optical selection rules for interlayer recombination involve the phase difference from the translation of the Bloch wave function between the two rotation sites, h and X, in addition to the orbital angular momentum quantum number (Supplementary Section 4). This induced phase from the atomic registry translation can be regarded as an additional quasiangular momentum in the optical transition, altering the resulting selection rules ( Supplementary Table 1 ). These selection rules show that a transition from CB2 is optically allowed, consistent with our experimental observations. Moreover, they predict spin-singlet and spin-triplet IEs that have opposite circular light polarization coupling to the K valleys ( Supplementary  Fig. 5a ). Evidence for the singlet and triplet states and opposite circular polarization coupling is revealed by calculating the expected exciton g-factors. Using the single electron band picture 17, 33 , theoretically expected values for the g-factor can be determined based on the band alignment of the 0-degree aligned MoSe2/WSe2 heterostructure. The g-factor can be broken into the Zeeman shift of each electron band ( Fig. 2e ), which has contributions from the spin ( B ), the atomic orbitals ( C ), and the valley magnetic moment ( ±D ) (further details in Supplementary Section 5). The exciton g-factor can then be determined as the relative shift of the conduction and valence bands for each circularly polarized transition. From these arguments, we calculate the singlet g-factor to be BEFGCHI I@HJKL ≈ 7.1,
with contributions from only the atomic orbitals and the valley magnetic moments of the bands. The triplet g-factor, however, is IKEOCHI I@HJKL ≈ −11.1 , with an additional contribution from the spins and the opposite sign due to the flipped circular polarized light coupling. These calculated g-factors are in excellent agreement with experimentally observed values both in terms of sign and magnitude, confirming spin singlet and triplet assignments for $ % , and & % . We note that unlike the traditional picture of singlet and triplet states, the degeneracy of interlayer exciton singlet and triplet states is already broken due to spin-orbit coupling. These states split differently under magnetic field as shown in Figure 2f in the exciton particle picture. We also remark that the observed g-factors in our experiment are inconsistent with a 60-degree aligned sample ( Supplementary Section 7) . Thus, we confirm the @ A stacking configuration for our heterostructure and demonstrate direct evidence of spin-singlet and triplet excitons. From these measurements, we can now assign the peaks as either singlet or triplet states. In regions I-III, " , # , and $ % all have transitions from CB1, allowing us to assign them as singlet neutral or singlet charged excitons. In region IV, the & % peak is a transition from CB2 in the presence of free carriers and is therefore a triplet charged exciton. Section 9) . Understanding the spin-state of the excitons allows us to control the optical behavior of charged excitons in regions II and III under magnetic field. Figures 3a-b show polarization-resolved PL measurements at B = 15 T in the band filling regimes corresponding to p-, neutral and n-doped singlet excitons. To minimize the induced vertical electric field, we apply Vbg (Vtg) for negative (positive) voltages so that the electric field is screened and remains constant once the WSe2 (MoSe2) layer is doped 19 . Using the same cross-polarization measurement scheme described above, we observe the s+ (s-) emission intensity to be larger for the # ( $ % ). Assuming DPLnorm is proportional to the percentage of charged exciton density imbalance towards s+ circular polarization, our experimental observations imply a magnetic field induced imbalance in CIE density between the two valleys due to Zeeman splitting of the bands. CIEs ( # and $ % ), at low doping, can only bind to a free carrier from the opposite valley due to the Pauli exclusion principle. Therefore, for the s+ exciton, the hole (electron) must come from the +K valley (Fig. 3c ). Taking # , the hole density is expected to be larger in the +K valley than in the -K valley for B > 0 ( Fig. 3d left inset) . Since the emitting exciton binds with a hole from the opposite valley, higher hole density in the +K valley induces higher emission of s+ (-K valley) # for B > 0, in agreement with our experimental results. Similarly, in the conduction band ( Fig. 3d right inset) , we expect a higher density of sfor $ % when B > 0, in agreement with the experiment. Increasing gate voltage further into region IV under magnetic fields, we now can demonstrate gate tunable singlet-triplet CIE transitions inducing electrically tunable chiral optical response in our devices. Figures 4a-b shows the doping-dependent polarization-resolved PL in the singlet-triplet transition regime at B = 15 T. Here, we apply a dualgating scheme Vbg = a Vtg, reaching n2D ~ 10 $W cm -2 , sweeping through regions III to IV in Fig. 1a. Figures  4c-d 32, 35 . We note that we use the effective mass from recent transport studies 34 for all calculations, which suggest a systematic underestimate of the effective mass in DFT calculations 35 . Applying a magnetic field in the singlet-triplet transition regime, we demonstrate a flip in the dominant polarized light and tuning of the transition due to the Zeeman splitting of CB2. Figure 4d Our capability of gate tuning to access the higher conduction band with opposite spin allows us to create charged excitons with singlet and triplet spin configurations and opposite chiral light coupling. By combining long lifetime with local gate engineering 36 , bright triplet charged interlayer excitons in vdW heterostructures provides a new scheme to control chiral, valley, and spin quantum states and can pave the way towards the realization of electrically controlled valleytronic devices with multiple quantum degrees of freedom. 
